Using density functional theory (DFT), Pt-based sandwich catalysts have been studied to identify a strategy for improving the energetically unfavorable O hydration catalytic reaction (O + H 2 O → 2OH) in fuel cells. The challenge for this type of reaction is that the reactant, O, and product, OH, have correlated binding energies, making the improvement of the overall energetics of the reaction problematic. We screened 28 different transition metals as the Pt-M-Pt sandwich middle layer and developed a new index that specifically describes the difficulty of the reaction which involves adsorbed atomic O as the reactant and adsorbed OH as the product. This index is found 2 to predict well the barrier of the O hydration. In order to understand how the index can be optimized, we further studied the electronic density of states (DOS) to elucidate the DOS changes for the different Pt-M-Pt sandwiches. This gives insight on strategies that might be applied to improve the catalytic reactions where the reactant and product have correlated binding energies, which is in fact a common challenge in heterogeneous catalysis.
INTRODUCTION
Heterogeneous surface catalysis facilitates conversion of reactants to products. The overall reaction consists of individual reaction steps. The rate of each step and the overall reaction is significantly related to the binding energy of the reactant and product. A possible strategy for searching advanced catalytic surfaces may involve matching the binding energy for each reaction step, so that the largest, rate-determining barrier would be minimized. In this way, it would be ideal to tailor a catalyst that has an ideal binding energy for each species along the mechanism, and the overall mechanism contains as little "bumps along the road" as possible.
The common problem when researching an ideal catalyst, especially for multistep reactions, is that the intermediate species often have correlated binding energies. Selecting a catalyst that lowers or raises the binding energy of a particular intermediate may also lower or raise the binding energy of other intermediates (correlated binding energies). In this case, it will not improve a particular reaction step, since the binding energy of the product and reactant changes by the same amount, resulting in the same overall energy of reaction (∆E). Thus, new strategies need to be developed that would allow changing the binding energy of a particular intermediate without affecting the others in order to improve the individual reaction steps. The key here is to figure out ways to make the binding energies of intermediates that were previously correlated to become non-correlated.
An example of a well-studied reaction with correlated binding energies is the oxygen reduction reaction (ORR) in a proton-exchange membrane fuel cell (PEMFC). The ORR adsorbed intermediates, such as O and OH, have correlated binding energies 1, 2 , which makes it difficult to improve the efficiency of this reaction. We further examine this reaction to identify strategies for improving ORR catalysts.
The ORR can be broken down into eight fundamental reaction steps: 1, 3 This makes the O hydration step, an ideal barrier to focus on, as it is an experimentally relevant reaction that can be determined accurately.
The barriers for process I and III of the ORR connect well with the binding energy, whereas the process II shows poor coupling for pure metals due to the correlated binding energies 1, 2 of the reactant (O) and product (OH). In our previous paper 1 , we showed for very noble metals (Ag, 
COMPUTATIONAL METHODS
Periodic QM calculations were carried out using the SeqQuest code 18, 19 which employs
Gaussian basis functions at the optimized double-ζ plus polarization level (rather than the plane-wave basis often used in periodic systems). We use DFT with the Perdew-Burke-Ernzerhof 20 (PBE) approximation of the generalized gradient approximation 21 (GGA) exchange-correlation functional. The up-spin orbitals are allowed to be optimized independently of the down-spin orbitals (spin-unrestricted DFT). The small core pseudopotentials with angular momentum projections are applied in our calculations.
The DOS structures were analyzed using the SeqQuest post-analysis code. 19 The bands are further broadened by convolution with a 0. 
RESULTS AND DISCUSSIONS
Based on the binding energies (BE) of our previous calculations on pure metal surfaces (Fe, Co, We use the pure metal centerline in Figure 1 to create an index that estimates how well a catalyst will perform for process II, OH formation, of the ORR. This process can be realized via two reactions: direct OH formation or O hydration 4 The new index is the perpendicular distance from the pure metal line and an indicator of the exothermicity of reactions starting with O and ending with OH. 
(1)
The index is very positive for catalysts which fall to the upper left of the centerline, while it is very negative for those falling to the lower right of the centerline. Pt-W-Pt was found to have the best index value, 6.97, and Pt-Ag-Pt has the worst index value, −5.82. Another useful indicator mentioned is the d-DOS within 0.25 eV of the Fermi level. 15 However, the problem with this indicator for non-Pt metals is that it does not explain the strong O/OH binding energy of pure Cu, which has no d-density at the Fermi energy 1, 28 . From the computation viewpoint, the d-DOS can be an important tool to describe binding properties 15 . For better conclusions, it is more appropriate to analyze the DOS structure rather than the d-band center location. We examined the specific DOS structure of the best and worst determined case, Pt-W-Pt and Pt-Ag-Pt, respectively, and compared the overlap between these peaks and the molecular p-DOS peaks of atomic O and OH.
In Figure 5 , 
Overlap = d-DOS(-5.93)+d-DOS(-4.35)+d-DOS(-3.77)+d-DOS(-0.67) -d-DOS(-0.27) (2)
The overlap is used to compare all 28 Pt-M-Pt sandwich metals where we found its correlation with the index. This explains why the index correlates well with the d-band center in Figure 4a .
It also provides a new signature that both theorists and experimentalists can look at in the d-DOS. The location of the p-DOS of the reactant and the product is shown to relate directly to the relative binding energy of the two. This provides analysis of the catalyst surface DOS beyond one dimension (e.g. with d-band center alone), and provides a basis for multi-dimensional analysis that can improve correlated reactions as well. We also looked at the p-DOS and d-DOS of the bounded O and OH states on the catalyst, but there was not enough coherency to see a trend.
The entire ORR is a balancing act where all three above-mentioned processes (O 2 activation, OH formation and H 2 O Formation) need to be simultaneously optimized to minimize the overall RDS barrier. In Figure 7 , we show how this can be accomplished from our plot of the O and OH binding energy for the Pt-M-Pt sandwich catalysts.
We isolated the Pt-M-Pt sandwiches based on three criteria. needed to make all three processes optimal. As seen in Figure 7 , a triangle can be built. We consider this triangle as the ideal binding energy area for the ORR catalysts. Only Pt-Ru-Pt falls within this ideal triangle. Pure Pt appears to have a too low oxo-asymmetry index value and appears to be limited in process II as it was shown in our previous work. 3 . Previous studies have shown that this reaction 3 is the least exothermic of the four electron ORR reaction, making its energy difference the negative of the total onset potential:
Theoretically, the onset potential of Reaction 3 can be defined as: E M-O + ½E H2 -E M-OH . Table 2 lists the onset potential for Reaction 3 for all 28 cases, and it is seen that a high index does increase the onset potential for most Pt-M-Pt sandwich catalysts except Pt-Au-Pt and PtAg-Pt. However, care must be made because a high index also leads to a lower onset potential in Reaction 4, because M-OH is now a reactant that is much more stable. To account for this, Table 2 also shows the onset potential for Reaction 4 as defined as: : E M-OH + ½E H₂ -E M -E H₂O .
The third column defines the predicted onset potential as the lower potential of the two. We see that although Pt-W-Pt has the highest index and a highly favorable Reaction 3, its predicted onset potential (0.55 V) is actually lower than that of pure Pt (0.90 V). On the other hand, our recommended catalyst, Pt-Ru-Pt, has a higher predicted onset potential (0.94 V) than Pt.
Comparing with experiments, the only study done on Pt-M-Pt catalysts involves M = 3d transition metals 16 and did not involve Ru. A related study looked at a Pt monolayer on pure Ru catalyst 30, 31 . The main difference with these catalysts is that the lattice used is Ru (0001), whereas Pt-Ru-Pt catalysts has a lattice of Pt (111). Another major issue facing alloy catalysts is the subject of durability. In this respect, Pt 3 Ni and Pt 3 Co catalysts suffer from metal leaching during operation 32, 33 . For Pt-Ru catalysts, durability tests have been performed, for its application as an anode catalyst in direct methanol fuel cells 34 . The surface segregation of Pt-Ru catalysts 35, 36 has been studied in the presence of O and OH. Pt-Ru was found to be one of the better alloys in terms of metal leaching to the surface. When comparing the energy of Pt-skin versus Pt-bulk composition for the (111) surface when OH was adsorbed on the surface, Pt-skin was found to be favorable 35 for Pt 3 Ru, while it was shown to be unfavorable for Pt 3 Ni.
Such an approach can be extended to more complicated multi-step heterogeneous catalytic 
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